Nature has found au nique way to exploit sunlight for driving biological processes:photosynthesis.The most important constituents of chloroplasts are the photosystems II and I, which convert light into chemical energy.Asphotosynthesis consumes the greenhouse gas CO 2 ,m ajor research efforts have been devoted to the identification of synthetic mimics. The" artificial leaf" is an illustrative expression for this field of research. [1] Impressive success has been achieved for photocatalytic water splitting using semiconductor nanoparticles. [2] Thea bsorption of light leads to the formation of electron-hole pairs,which are separated and, in an ideal case, induce photo-reduction and -oxidation in one system. Numerous systems have been evaluated for the photoreduction of CO 2 ,w hich are mostly based on inorganic semiconductors combined with suitable photosensitizers. [3] However,asthe customizability of inorganic semiconductors is restricted, it has also been considered to let molecular systems do the job. [3c,4] Fullerene derivatives have proven to be valuable compounds in optoelectronic or photocatalytic applications. [5] Fullerenes in general have ah igh electron affinity,w hich makes them suitable for donor-acceptor systems.Acommon example are fullerene dyads. [6] Fullerene dyads belong to the fascinating class of so-called smallmolecule semiconductors, [7] which became of interest in bulk heterojunction solar cells as strong optical absorbents and electron mediators. [8] Ad onor unit is attached to the fullerene,w hich can be excited by absorbing light and then transfers an electron in ap rocess accompanied by charge separation. During this process,afullerene radical anion is produced, which can further transfer the electron. [6f, 9] Studies have also shown that fullerene dyads can produce significant amounts of reactive oxygen species (ROS). [10] Unfortunately,t he use of fullerene dyads in aqueous systems is difficult because of their hydrophobic character. This problem could be addressed by as mall-molecule, fullerene-based semiconductor with surfactant properties. Surfactants are functional molecules composed of ah ydrophobic chain (typically alkyl groups) and ah ydrophilic head group that are attached to each other in adipolar fashion. The two important features of surfactants are their abilities to stabilize interfaces and to self-assemble into higher organized structures such as micelles,v esicles,o rl yotropic phases depending on concentration, temperature,a nd, last but not least, molecular shape.T he advantage of as elf-organized superstructure formed by am olecular semiconductor surfactant is that it could come close to an ew type of an artificial leaf (see Figure 1 ). It undergoes multi-wavelength light triggered charge generation and separation to compartments at the two sides of an interface,f ollowed by coupling to chemical conversion of reagents such as CO 2 or others into different, more valuable products. [3a, 11] To realize such surfactant properties,wechose aso-called fullerenol as the head group as they are known to show similar electronic behavior as unmodified fullerenes and to be watersoluble. [12] We have recently presented surfactants with fullerenol head groups and alkyl tails and tested their biocompatibility. [13] In Ref. [14] ,w ep resented an ew and efficient one-pot approach for the preparation of arbitrary Janus-type substituted fullerenols. [14] Whereas Ref. [14] focussed on synthetic details and molecular characterization of the compounds,any special, functional properties of those fascinating compounds have been omitted, and are the subject of the current paper.
We focused on compounds with one hemisphere of the fullerenol modified by five dye molecules (see Figure 1a ,b and Figure S1 in the Supporting Information). These dyes are acridine yellow-G (l max = 445 nm; FuDy-Y), neutral red (l max = 530 nm; FuDy-R), and toluidine blue O( l max = 629 nm; FuDy-B). Thed yes were selected to cover almost the entire visible range ( Figure 1b ). Because of their amphiphilic structure,the presented compounds are designated for possessing amphiphilic properties.S urface activity was probed by concentration-dependents urface-tension g measurements ( Figure 2a ). Thecurves show ashape characteristic for surfactants.A bove ac ertain concentration, aggregates form. Thesize of those aggregates is around 100 nm for FuDy-Y according to dynamic light scattering (DLS;F igure 2b). Considering the fact that the diameter of as ingle surfactant molecule is only about 1.5 nm, the aggregate size cannot correspond to spherical micelles,which are expected to have double the surfactant length.
Thel atter could be confirmed by transmission electron microscopy (TEM), also under cryogenic conditions,asshown in Figure 2d (see also Figure S2 ). Spherical objects with diameters corresponding well to the DLS results were observed. Thus we concluded that vesicles rather than micelles had been formed with acritical aggregation concentration of c cac % 0.4 mm.B ecause of the relatively large Abstract: The leaf is aprime example of amaterial converting waste (CO 2 )i nto value with maximum sustainability.A st he most important constituent, it contains the coupled photosystems II and I, whichare imbedded in the cellular membrane of the chloroplasts.Can key functions of the leaf be packed into soap?W ep resent next-generation surfactants that self-assemble into bilayer vesicles (similar to the cellular membrane), are able to absorb photons of two different visible wavelengths, and exchange excited charge carriers (similar to the photosystems), followed by conversion of CO 2 (in analogy to the leaf). The amphiphiles contain five dye molecules as the hydrophobic entity attached exclusively to one hemisphere of apolyhydroxylated fullerene (Janus-type). We herein report on their surfactant, optical, electronic, and catalytic properties. Photons absorbed by the dyes are transferred to the fullerenol head, where they can react with different species such as CO 2 to give formic acid.
packing parameter of the surfactants (see Figure S1 ), they behave rather similar to lipids and prefer structures of lower curvature.T his observation is in line with our previous findings for fullerenol surfactants with simple alkyl chains as hydrophobic tails. [13] Although the sizes,shapes,and polarities of the three compounds are similar according to molecular geometry optimization ( Figure S1 ), FuDy-B gave al ower g value at saturation of the interface (c > 0.5 mm)than FuDy-Y and FuDy-R.T he aggregates of the latter two compounds are also larger with ahydrodynamic diameter D H of about 90-100 nm. Thed ifferent substituents in the hydrophobic, conjugated p-system obviously have an effect on the so-called hydrophilic-lipophilic balance (HLB).
Having shown that the FuDys motifs have surfactant properties,w ei nvestigated whether they are molecular semiconductors.T herefore,athorough photophysical characterization was necessary.O ptical absorption spectra of reference compounds (the unmodified dyes and C 60 (OH) 24 ) [15] are compared to each other in Figure 1b (see also Figure S3 ). Theabsorption spectra of the different FuDy compounds are not simple superpositions of the spectra of their constituents. [6f, 9a] Instead of distinct absorption bands,a na bsorption edge has emerged, which is rather typical for semiconductors. Thes hift of the energy of the absorption edge compared to l max of the dyes indicates that there is electronic communication between the surfactantshead and tail. Thefact that the dyes are not electronically isolated was confirmed by DFT calculations (Figure 3a ). Theh ighest occupied molecular orbital (HOMO) is located exclusively on the dye molecules. Theabsolute energy of the HOMO of FuDy-Y,for instance,is À5.8 eV according to photoelectron spectroscopy on air (PESA;F igure S3). Thef irst unoccupied orbital with sufficient orbital overlap between head and tail is located at ca. À2.8 eV,a nd corresponds well to the optical transition ( Figure 3a ). However,t he DFT calculations show that the lowest unoccupied molecular orbital (LUMO) is located at À3.4 eV and consists only of fullerenol orbitals.T herefore, after electronic excitation, the charge carriers are quickly transferred to the LUMO.T his was confirmed by photoluminescence (PL) measurements ( Figure S3 ). Ther ed-shift in the PL maximum points to an extended conjugation length of the p-system. However,t he PL intensity is reduced by almost 90 %. Considering that fullerenols exhibit no fluorescence in the relevant spectral region ( Figure S2 ), the decrease in the PL intensity can be interpreted as asign for the transfer of photogenerated charges to the head group.T hese findings are in agreement with literature on standard fullerene dyads. [6] Our conclusions were further confirmed by fluorescence lifetime t PL measurements ( Figure S3 ). The t PL of FuDy (1.7 ns) is tremendously reduced compared to that of the free dye (t PL = 6ns) in solution. Furthermore,t he fluorescence decay of FuDy is not mono-exponential anymore,w hich indicates that relaxation processes have become more complex upon attachment to the fullerenol residue.F urther confirmation of atrue semiconductor nature was obtained by current-voltage (IV) measurements of FuDy-Y (Figure 3b ). Them aterial obviously shows macroscopic charge transport, but the behavior is non-ohmic,w hich is consistent with as emiconducting electronic system. Light absorption should increase the number of mobile charge carriers in as emiconductor material, and accordingly,a lso FuDy-Y displays asignal when used as aphotoconductor (Figure 3c ). After the light is switched off,t he photocurrent decreases again, as expected.
We now expected that the charge-separated state with the high-energy electron depicted in Figure 3c an act as ad onor state for initialization of further reactions.T hus we selected ar eagent with high electronegativity,a nd thus energetically low-lying acceptor orbitals,f irst:m olecular oxygen O 2 .F or quantification of the resulting superoxide,anitrotetrazolium blue essay (NBT) was applied. [10d,16] To exclude unintentional and direct excitation of the fullerenol head group (by absorption in the UV range), tests were performed with light-emitting diodes (LEDs) as the light source with wavelengths strictly above 400 nm ( Figure S4 ). As only the absorption edges of FuDy-Y and FuDy-B correlate well with the LED, FuDy-R will not be considered in the following.A sareference and for further confirmation, an on-substituted fullerenol C 60 (OH) 24 [15] was used. All systems containing fullerenols produced superoxide over time (Figure 4a ), but at the same concentration of the photocatalyst (c cat ), both FuDy species produce up to 700 % more than the reference system. This result clearly demonstrates the importance of the dye entities attached to the fullerene head and the charge separation process depicted in Figure 3 . Higher superoxide production can, of course,b e managed by increasing the concentration of the photocatalyst (Figure 4b ). An interesting question is how asystem behaves that contains two different photosystems/dyes like al eaf. Therefore,w ec ombined FuDy-B and FuDy-Y under otherwise constant conditions.Itdoes not make adifference if one uses am ixture of FuDy-B and FuDy-Y directly or combines aggregates of the two prepared in two separate vials.This can be understood by realizing that surfactant aggregates are highly dynamic systems in which molecules are rapidly exchanged. [17] If the two photosystems act independently from each other, one would not expect as ignificant change in superoxide production efficiencybecause the previous experiments have shown FuDy-B and FuDy-Y are almost equally effective (Figure 4a,b) . However,w em easured an efficiencyi ncrease of 40 % ( Figure 4c ). To make sure that this increase is really due to an intermolecular,cooperative effect (as in the natural leaf), we prepared anew FuDy with two types of dye (yellow-Gand toluidine blue) attached to the fullerenol head group in one molecule (FuDy-B,Y) . Thee fficiencyo ft his system is slightly lower than that of the pure FuDy (Figure 4c ), but within the measurement error.W ei nterpret our findings as follows.The fullerenol head group can only host one electron transferred from one of the dye molecules attached to it, followed by superoxide formation. Therefore,a ttaching different types of dyes to one fullerenol head does not provide any advantages.H owever,i ts eems that the FuDy molecules can, in their self-assembled structures,transfer the photoexcited electron to neighboring surfactants,which then leads to an overall increase in efficiency. Furthermore,t he efficiency of superoxide production at different wavelengths was evaluated. Figure 4d shows that the FuDy systems,t he combined as well as the mixed dyes,o nly produce little superoxide under irradiation at longer wavelengths whereas the efficiency tremendously increased under irradiation with blue light. As it was ensured that the fullerenol head group does not absorb in this region, this effect only derives from the absorption of the attached dyes into higher LUMOs,w hich then populate the charge-separated state.T hese findings indicate that all absorbed wavelengths take part in the generation of superoxide whereby especially the absorption of higher-energy photons leads to the charge-separated state. Again, the effect of an intermolecular electron transfer can be observed.
Thef inal, exciting question is whether the acceptor orbitals of CO 2 are also low enough in energy for undergoing the described photoreduction process.T hus the experiments were repeated with CO 2 instead of O 2 .T he results were evaluated by 1 HNMR spectroscopy (Figure 5a )and GC-MS.
We clearly observed the generation of formic acid when FuDy-B/FuDy-Y was used as the photocatalyst. Formic acid can be formed by atwo-electron two-proton reaction, which is likely to happen directly at the FuDysh ead groups.F igure 5b,c shows aproposed mechanism for this process. [18] We assume that the general mechanism is similar to that of photocatalyzed superoxide production of fullerenes and fullerenols,i nw hich the fullerenol is likely to transfer electrons. [10b,d, 12a, 19] Ther educibility of the fullerenol compound strongly depends on the degree of polyhydroxylation and the type of polyhydroxylation moieties and can vary between as lightly negative or as lightly positive potential, whereas as tronger reducibility derives from al arger p-electron stabilization. [20] An intramolecular charge transfer results in areduction of the head group,whereas the charge is located at the C 60 core as oxygen has aw eak ability to accommodate radical electrons. [20] This fullerenol anion, according to the known literature mentioned above,c an reduce,for example,carbon dioxide in afast process to again enable the reduction of the fullerenol. Thef ullerenol head group is predestined for the coordination of,f or example, carbon dioxide because of the multiple hydrogen binding sites.I nafirst step,c arbon dioxide is reduced to yield the carbon dioxide radical anion. After protonation at the carbon atom, afast second electron transfer has to take place,which emphasizes the importance of the intermolecular exciton transfer described before.F inal protonation yields formic acid. No further reduction occurs according to GC-MS. Performing the reaction at different pH values shows that the highest yield of formic acid was achieved at pH 7, with decreasing efficiencyw ith decreasing pH value.T he yield of formic acid at pH 5i so nly about 18 %o ft he value at pH 7, whereas at more acidic pH values,a lmost no formic acid is produced. At pH 7, the predominant species is HCO 3 À ,which can obviously interact very well with the fullerenol surfactants.
Thel eaf is an unparalleled example for the "green" conversion of energy in the form of light into valuable products.T herefore,n umerous attempts have been made in materials science to create systems with similar functionality. We have presented anew approach based on multifunctional surfactants.Inspired by literature on fullerene dyads and our own work on amphiphiles with fullerenol head groups,w e have discussed surfactants with semiconductor properties. Thec ompounds self-assemble into bilayer vesicle structures in solution and exhibit properties such as charge separation of photogenerated excitons.I ntermolecular electron transfer takes place between surfactant fullerenol dyads covering different regions of the electromagnetic spectrum, thus fulfilling one key criterium of an artificial leaf.T he chemical energy of the charge-separated states could be exploited to produce superoxide from oxygen and formic acid from carbon dioxide by irradiation with visible light in aqueous solution. Thedependence of the efficiency on different parameters was evaluated, and am echanism was proposed. Therefore,a lso the second criterion of an artificial leaf,the conversion of less valuable compounds (CO 2 )i nto better products,h as been realized. Thec urrent work extends not only the horizon of functional fullerene-based materials but also that of surfactant chemistry in general. Figure 5 . Photoreduction of carbon dioxide with amixture of FuDy-Y and FuDy-B in aqueouss olution.a )Excerpts of 1 HNMR spectra for formic acid production from CO 2 at different pH values. b) Overall scheme for the FuDy-catalyzed reaction. c) Proposed mechanism for the photoreduction of CO 2 by the FuDy system (water molecules not shown).
